A stereospecific palladium catalyzed N-vinylation of azaheterocycles with vinyl triflates is described. Cyclic and acyclic vinyl triflates along with non-nucleophilic azaheterocycles were found to be substrates for this palladium catalyzed synthesis of N-vinyl pyrrole and indole derivatives.
We were particularly interested in the use of this chemistry for the synthesis of optically active β-azolyl carboxylic acid building blocks for complex alkaloid synthesis. However, the reaction conditions for generating the necessary Z-3-iodoenoates (1), namely treatment of the corresponding ynoates with sodium iodide in acetic acid at elevated temperatures (60→150 °C), 8 were not compatible with several substrates of interest. Furthermore, a similar direct synthesis of the isomeric E-3-iodoenoates 9 is not available. We envisioned the use of readily available β-ketoesters as precursors for the stereospecific synthesis of both Zand E-β-pyrrolyl enoates 4 (Scheme 1). Specifically, we sought a catalytic method for the stereospecific N-vinylation of pyrroles with configurationally defined vinyl triflates. 10 Initial experiments on the coupling of pyrrole (7a) and vinyl triflates 5a-b (eq 2) revealed that copper-based catalyst systems were not effective, typically returning the unreacted triflates. However, the combination of palladium dibenzylideneacetone (Pd 2 (dba) 3 ) and 2-dicyclohexylphosphino-2′,4′,6′-triisopropyl-1,1′-biphenyl (XPhos) 11, 12 provided a highly active catalyst system for the efficient and selective synthesis of the desired N-vinyl pyrroles. Under optimal conditions, the coupling of the vinyl triflate 5a (1 equiv) with pyrrole (7a, 1.5 equiv) using Pd 2 dba 3 (5 mol%), XPhos (10 mol%) as ligand in the presence of anhydrous potassium phosphate (1.40 equiv) in toluene at 60 °C proceeded to give the desired Z-β-pyrrolyl enoate 4aa with complete stereospecificity in 84% yield after 3.5 h (Table 1 , entry 1). Under identical conditions, the coupling of the more sensitive dimethoxyacetal containing vinyl triflate 5b afforded the corresponding N-vinyl pyrrole 4ba (eq 2) in 79% isolated yield. 13 (2) Two commonly observed side products in these coupling reactions were the β-ketoesters 6a-b and the ynoates 9a-b (eq 2). Potassium phosphate tribasic was most effective as the baseadditive compared to potassium phosphate dibasic, cesium carbonate, triethylamine and 1,8-diazabicyclo [5.4 .0]undec-7-ene; the latter giving predominantly the undesired ynoate byproduct. The use of rigorously dried anhydrous potassium phosphate was found to minimize the formation of both the β-ketoester and the ynoate byproducts. 14, 15 Attempted palladium catalyzed coupling of preformed pyrrolyllithium with vinyl triflate 5b gave predominantly (~80%) the undesired elimination product 9b (eq 2). 6c Furthermore, when Ntributylstannylpyrrole 16 was used in place of pyrrole (7a) for the synthesis of N-vinyl pyrrole 4ba, in the absence of anhydrous potassium phosphate, the product mixture contained as much as 50% C-coupled product 8ba (eq 2). 17 Interestingly, this undesired Ccoupled byproduct was not observed using pyrrole (7a) with the optimal conditions described above.
Considering the synthetic utility of N-vinyl pyrroles and indoles and encouraged by these early results, we sought to explore the generality of this catalytic N-vinylation reaction (Table 1) . Representative vinyl triflates 18 and azaheterocycles used as substrates in these studies are shown in Chart 1.
The coupling of Z-vinyl triflate 5a with the less nucleophilic acyl pyrrole 7b at 60 °C affords the desired product 4ab in 70% yield after 7 h (Table 1, entry 2 ). An enhancement in the rate of this coupling reaction was noted using dioxane as a co-solvent, affording N-vinyl pyrrole derivative 4ab in 91% isolated yield after 1 h at 60 °C (Table 1, entry 3) . Alternatively, increasing the reaction temperature to 80 °C gave 4ab in 81% yield after complete consumption of starting material (Table 1 , entry 4). The coupling of Z-vinyl triflate 5a with the more sterically hindered tetrahydroindolone 7c was found to be more difficult as compared to the acyl pyrrole 7b (Table 1 , compare entries 2 and 5). The use of toluenedioxane solvent mixture and higher reaction temperatures slightly increased the yield of this coupling reaction to afford 4ac in 50% isolated yield (Table 1 , entry 7). The coupling of the cyanoindole 7e, the least reactive azole examined in this study, with Z-vinyl triflate 5a gave only 24% yield of the N-vinyl azaheterocycle 4ae after 48h (Table 1, entry 8). Both the use of toluene-dioxane solvent mixture and higher reaction temperatures were found to increase the formation of the ynoate 9a (eq 2) without a net increase in the yield of the coupled product 4ae (Table 1 , entries 9 and 10). 15, 19 To highlight the stereospecificity of this transformation, we examined the coupling between E-vinyl triflate 5c and various azaheterocycles (Table 1, entries [11] [12] [13] [14] [15] [16] [17] . In every case, the palladium catalyzed stereospecific C-N bond formation proceeded to afford the desired Eenoate. Acyl pyrrole 7b, tetrahydroindolone (7c), indole (7d), and 3-cyanoindole (7e) were successfully coupled with E-vinyl triflate 5c to give the corresponding N-vinyl azaheterocycle in 60, 73, 74, and 74% yield, respectively (Table 1 , entries 12, 14, 15, and 16). Interestingly, the E-vinyl triflate 5c demonstrated an enhanced rate of coupling relative to the Z-vinyl triflate 5a in all cases examined. Additionally, the coupling reactions employing E-vinyl triflate 5c exhibited a much slower rate of ynoate formation as compared to those using Z-vinyl triflate 5a. Where possible, the use of 1,4-dioxane as a co-solvent and higher reaction temperatures for a shorter reaction time afforded more efficient palladium catalyzed N-vinylation. 20 An initial short incubation of the reaction components at 60 °C followed by warming to higher temperatures provided the best results. 21 The palladium catalyzed N-vinylation reactions with cyclic vinyl triflates 5d and 5e were found to be slower than the vinyl triflates 5a and 5c. However, the greater thermal stability and the absence of the competing base-induced triflate elimination allowed the use of higher reaction temperatures with these substrates. The coupling of azaheterocycles 7b, 7c and 7e with triflate 5d gave the corresponding N-vinyl products in 70, 62 and 17% yield, respectively (Table 1, entries 18, 20, and 22) . In the latter case a significant quantity (~50%) of ethyl 2-oxo-cyclopentanecarboxylate was isolated, suggesting a competitive sulfonyl transfer reaction. 19 The coupling of the vinyl triflate 5e with the acyl pyrrole 7b proceeded efficiently at 110 °C to give the N-vinyl pyrrole 4eb in 91% yield (Table 1, 
entry 24).
Neither of the less reactive azaheterocycles 7c nor 7e gave appreciable amounts of the corresponding coupling products with vinyl triflate 5e.
The coupling of vinyl triflate 5f with acyl pyrrole 7b afforded the desired N-vinyl azole 4fb in 72% yield (Table 1 , entry 26), demonstrating the possible extension of this chemistry to unactivated vinyl triflates. However, the longer reaction time and the higher reaction temperature needed for the synthesis of product 4fb should be noted. The reduction of the steric bulk of the vinyl triflate and the presence of the electron withdrawing ester, each have a beneficial effect on the rate of the coupling reaction. The relative rate of coupling for the vinyl triflates discussed here was found to be: 5c > 5a > 5d > 5e > 5f (Chart 1). Similarly, the azaheterocycles used in this study may be ranked from most reactive to the least reactive: 7a > 7b > 7d > 7c > 7e (Chart 1). While the deprotonation of the heterocycle is facilitated by the presence of an electron-withdrawing substituent, these less nucleophilic heterocycles exhibit a slower overall rate of coupling. Hence, undesired reactions including triflate elimination and sulfonyl transfer reactions may compete when very non-nucleophilic azaheterocycles are used as substrates. 22 In conclusion, a catalytic method for the stereospecific N-vinylation of azaheterocycles using vinyl triflates was described. Both cyclic and acyclic vinyl triflates were found to be substrates for this palladium catalyzed synthesis of N-vinyl pyrrole and indole derivatives.
Successful use of non-nucleophilic azaheterocycles in this coupling reaction is noteworthy. The ready availability of both E-and Z-vinyl triflates 23 in conjunction with the herein described chemistry offers an attractive method for the synthesis of N-vinyl azaheterocycles.
Experimental Section
Representative experimental procedure: Z-3-Pyrrol-1-yl-but-2-enoic acid ethyl ester (4aa, Table 1 , entry 1) Toluene (1.90 mL) was added to an argon-purged sample of Pd 2 (dba) 3 (17.5 mg, 19 .1 μmol, 0.05 equiv), XPhos (18.2 mg, 38.1 μmol, 0.10 equiv), and rigorously anhydrous K 3 PO 4 (113 mg, 534 μmol, 1.40 equiv) in a flame-dried flask. Pyrrole (7a, 40.0 μL, 572 μmol, 1.50 equiv) was then added and the deep red mixture was heated to 60 °C. After 30 min, triflate 5a 24 (100 mg, 381 μmol, 1 equiv) was added via syringe, producing a color change to forest green within approximately 10 min then to brown within an additional 1h. After 3.5 h TLC analysis indicated that the reaction was complete, whereupon the mixture was allowed to cool to 23 °C, was diluted with EtOAc (10 mL), and was vacuum filtered through a plug of celite (diam. 2.5 cm, ht. 2.5 cm). The celite-plug and flask were rinsed with an additional 15-mL portion of EtOAc, and the combined organic filtrates were washed with water (7.5 mL) and brine (7.5 mL), were dried over anhydrous sodium sulfate, were filtered, and were concentrated under reduced pressure to give a deep brown residue. Purification of the crude material by flash column chromatography (silica gel: diam. 3.0 cm, ht. 22 cm; 60% EtOAchexanes) afforded the vinyl pyrrole 4aa (57.1 mg, 84%) as a yellow oil. 1 H NMR (500 MHz, 
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TABLE 1
Palladium catalyzed N-vinylation of azaheterocycles with vinyl triflates. 
